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The author is grateful to C. V. Parks for his guidance, and R. T. Primm The isotopic composition of mixed-oxide fuel (fabricated with both uranium and plutonium isotopes) discharged from reactors is of interest to the Fissile Material Disposition Program. The validation of depletion codes used to predict isotopic compositions of MOX fuel, similar to studies .
concerning uranium-only fieled reactors, thus, is very important. The EEI-Westinghouse Plutonium Recycle Demonstration Program was conducted to examine the use of MOX fuel in the San Onofre PWR, Unit I, during cycles 2 and 3. The data, usually required as input to depletion codes, either one-dimensional or lattice codes, were taken from various sources and compiled into this report. Where data were either lacking or determined inadequate, the appropriate data were supplied from other references. The scope of the reactor operations and design data, in addition to the isotopic analyses, was considered to be of sufficient quality for depletion code validation.
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INTRODUCTION
One goal of the U.S. Department of Energy's Fissile Materials Disposition Program* (FMDP) is to certify the capability to predict the characteristics of mixed-oxide (MOX) spent fuel. Further, any fiel-depletion code for this purpose should be evaluated to determine how the accuracies of the computations compare with those of the more common low-enriched-uranium (LEU)-fueled lightwater reactors (LWRs). Validation studies have been performed for the SCALE code system fuel-depletion analyses of both pressurized-water reactors213(PWRS) and boiling-water reactors4 (13WRs). During the operation of these reactors, the plutonium gradually increases in the fuel that initially contained uranium as the only actinide. However, there is a much more dominant influence on the flux and depletion characteristics from the plutonium in the MOX fhel because the plutonium concentration is several times greater than that of spent LEU fuel and it has a greater sensitivity to the thermal spectrum.
The EEI-Westinghouse Plutonium Recycle Demonstration Program, sponsored by Edison Electric Institute, Westinghouse Electric Corporation, and the Atomic Energy Commission, was conducted from 1968 to .1974. A significant part of this program involved the measurement of isotopic compositions of the uranium and plutonium in depleted MOX fuel withdrawn from the San Onofre PWR, a reactor having a Westinghouse design and operated by Southern California Edison and San Diego Gas &Electric companies. The operating and design data typically required by fuel depletion codes can be found in a large number of sources.-lz Also, the operating reports in the range from Docket 50206-79 through Docket 50206-201 contain similar data. The objective of this report is the compilation of the required data for fuel depletion codes into a single report. Data assumptions, which are considered to be reasonable, are included where the data are lacking. Even though input data for the SAS2H module of SCALE13are the primary objectives of the compilation, an effort was made to include data required by lattice codes and other depletion codes.
Four MOX fuel assemblies were loaded at the start of cycle 2 of the San Onofre Nuclear Generation Station, Unit I and irradiated for both cycles 2 and 3. Then, isotopic composition analyses were conducted by the Westinghouse Electric Corporation on six sample pellets from four fuel rods of test assembly D51X. The basic parameters describing these six sample cases are listed in Table 1 . Note that in all cases natural uranium was used, and three different weight percent values for fissile plutonium (23%+ 241Pu) were applied in the initial MOX fuel. Also, one may refer to the appendix of this report for details of the determination of the case burnups listed in Table 1 . 
MOX FUEL ASSEMBLY DESIGN DATA
The reactor fuel assembly design and fuel compositions for the four San Onofre MOX assemblies loaded in cycles 2 and 3 are presented in this section. The MOX fuel assembly design data, which would be significant to depletion codes, are listed in Table 2 . Most of the data are taken from a Westinghouse reportg (WCAP-41 67-2) that was issued near the start of the demonstration progmn. "Some of the data presented in Table 2 were calculated, as noted, from other data in the table. The average soluble boron, not found in the available sources, was estimated to be 500 ppm because the average for five PWRS in previous studies2'3was 490 ppm. The guide tube dimensions were taken from data for the uranium-only assemblies. Although the tube sizes and boron content could have been different, the change would probably not have a significant influence on results.
The initial isotopic compositions of the uranium and plutonium in the MOX fiel of the San Onofre PWR are given in Table 3 . Two deficiencies are noted in the initial plutonium data of this table. First, it is known that the plutonium is recycled plutonium from spent fuel and 238~?Pu ratios are usually from 0.02 to 0.04 in typical PWR spent fuel?'3 However, no 238Puis listed in the available data, and its absence needs to be considered in evaluating the uncertainty related to predicted analytic results. The other deficiency in the initial Pu specifications is that the decay of the 14.35-year half-life 'll?u is not considered. In the fiel-assembly fabrication program, 17 analyses were made on '?Pu and 'lPu in revised analyses (as indicated in Table 3 ) for accountability. The change in 'lPu composition, thus, can be taken into account.
The fractional composition of U02 and PuOZ for the different values of wt % flssile plutonium are presented in Table 4 . The weight fraction of U02 and PU02 in the MOX fuel is useful in determining fuel atomic densities or, more directly, as values input in the arbitmry material data of the fiel input to SAS2H. These weight fractions were calculated from the fuel stack density of Table 2 , the initial isotopic atom compositions of Table 3 and the atomic weights*4of the U and Pu isotopes. The initial Pu isotopic data were used because the revised data are incomplete. However, the decay time for the 'Ipu to change (5.2 to 4.8%) was calculated to be 1.66 year, or 605 days. The depletion code input should have a 605-day step of decay (or very low power) that precedes the irradiation cycles, accounting for the '*Pu change. Although the revised data are incomplete, code input may either be revised to 4.8% for 'lPu or include the 605-day step of decay.
The locations of the four fuel pins analyzed from the MOX fuel assembly D5 1X, listed in Table 1 , are shown in Fig. 1 . A complete description of the assembly, showing the fissile plutonium enrichment pattern, is presented in Fig. 2 . This information would probably be required for depletion lattice codes. The locations of the four MOX fuel assemblies during cycles 2 and 3, are shown in Fig. 3 . Lattice depletion code input may use the fact that assemblyD51X is adjacent to the reflector region in cycle 2. 
THE PWR OPERATIONS DATA AND MODEL OF ASSEMBLIES
. \
The San Onofre PWR, Unit~operations dat~pertaining to the MOX fuel assemblies in cycles 2 and 3 are presented in Table 5 . The pellet sample burnups were derived from the 148Nd measurements, as described in the appendix. The average cycle power experienced by each of the six pellet samples were calculated from the burnup and cycle times.
Portions of the operating conditions were listed in Table 2 . The clad and water moderator temperatures are in the "assembly general data" listed in the table. The moderator density was obtainedby interpolation of data in the temperature-pressure-density table13at 578 'F and 2100 psia.c
The effective fuel temperatures, applied in the resonance treatment, were obtained from the fuel-temperature-vs-rod linear power curvez in Fig. 4 . The curve was developed for the Obrigheim PWR. There are similarities in lattice (14 x 14), pellet OD (<l% difference) and moderator temperature (differ by 4.5 K) between the San Onofre and Obrigheim reactors. This method of estimating fuel temperature was applied in the validation of H. B. Robinson PWR ana.lyses.2 The resulting temperatures are given in Table 5 .
The unit cell zone geome&y data for Path-B of SAS2H is listed in Table 6 . It is recommended that cross sections should be determined during the neutronics calculation for all nuclides that are significant to the results, as recommended in the most current validation study4 and a burnup-credit sensitivity study.*5 
2.78870
2.81266
Tbdius different in cycles 2 and 3 to account for the removal of the two pins indicated in Tables 1 and 4 . Calculated from assembly pitch and equivalent core diameter in Table 2 . 
ISOTOPIC MEASUREMENTS FOR MOX FUEL SAMPLES
Samples from the San Onofre MOX spent fuel were prepared at the Battelle Memorial kstitute hot-cell facility (Columbus, Ohio). These samples were sent to the Westinghouse Waltz . ' Mill Analytical Laboratory for the comprehensive spectrometric analysis of isotopic concentrations. The measured isotopic compositions, as atom ratios, of the six MOX sample pellets are given in Table 7 . These results pertain to the listed date of analysis. The results for the uranium and plutonium isotopes adjusted to the end of the irradiation time of the sample are presented in Table 8 . The fmt 11 isotopic ratios (through 14*N&38U) that are listed in Table 7 were performed by mass spectrometric methods. The remaining five ratios in the table were measured by alpha spectrometry. Although these five cases were analyzed later, they were decay corrected in ref. 12 to the dates given in the table for consistency. Although there were no indications that uncertainties or standmd deviations were developed for the measured data, the reanalysis of three samples "showed excellent agreement between initial and repeat results." 
SUMMARY
One of the important functions.of the Fissile Materials Disposition Program is to calculate the isotopic composition of mixed-oxide fuel withdrawn from reactors. The validation of depletion 2Afor uranium-only fueled light-water reactors. codes for this purpose have been conducted During the period from 1968 to 1974 the EEI-Westinghouse Plutonium Recycle Demonstration Program was established to examine the use of MOX fuel. One of the reactors used" in the program was the San Onofre PWR Unit I. Many reports of the preliminary plans, progress and summaries were written during the program. The main purpose of this report is to compile the assembly design and cycle operating data of the MOX fuel assemblies into a single report. It is intended that the latest and required data for most depletion codes is included in this compilation. One of the codes in which the data maybe applied is the SAS2H13control module of the SCALE system. Also, data which may be required for lattice codes are included (Figs. 1, 2 and 3) . The results of both mass and alpha spectrometer analyses, producing16 atom ratios of significant isotopes, are presented in Table 7 .
An effort was made to have the correct reference given for each item of data. When the item was calculated fi-omother dat% a reference was given to the proper tables. In a few cases, where data were lacking, the method of estimation was explained. The burnup data reported,12 having been calculated in 1974, was not considered accurate. A more universally applied method, as covered in the appendix, was used for converting 148Nddata to burnup.
It was concluded that the comprehensive design and operating data and the isotopic MOX spent fuel measurements for the San Onofie PWR were of adequate quality for the proper validation of depIetion codes. Calculations that were performed with SAS2H for the six samples using the data of this report indicated that the data were adequate. 
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APPENDIX A SAMPLE BURNUP DETERMINATIONS .
*
This appendix provides an expanded explanation regarding the sample burnup data listed in Table 5 . First, the reasons are given why the available bumup data&l are considered inadequate, probably due to the use of methods that have become obsolete. Then, the method applied for converting the 148Nd measurement to bumup is referenced and discussed. Finally, the total bumup results and the separate cycle data are shown.
There is a high degree of confidence in the ANSI/ASTM standards for converting 14Nd measurements to burnup in nuclear research concerning uranium-only fueled LWRS. A total of 68 spent fuel samples from eight different reactors have been used in comparisons of measured and calculated isotopic results in previous validation studies.~=~4 The referenced bumups were, except for one reactor, derived from the 14Nd analysis. In 40 of the sample cases, from five reactors, the 148Ndmeasured result was given and compared with the SAS2H calculation that applied the 148Nd-derived bumup. The computed/measured 148Nddifferences in the 40 cases ranged form -2.4 to 1.7%, with an average of -0.32%. The averages for the five reactors were -1.4, 1.7,0 .4,-2.0 and 0.3%, with an average of 0.20%. Or, the average of the absolute values of the reactor averages was 1.16%.
The preceding comparisons of analyses and SAS2H results validate that the methods of converting l~Nd measurements to bumups are adequate. However, preliminary computations, using SAS2H, for the MOX fuel cases gave *48Nd differences as large as 4~ofor 1-cycle cases and 12% for 2-cycle cases. Although the reports giving data that were used in the validation study did not usually give the conversion factors used in determining bumup, the data~s for the Turkey Point PWR did contain the required conversion factors. Thus, the decision was made to apply the conversion factors used with the Turkey Point data in deriving bumups for the MOX fuel for the following reasons. First, applying these factors showed that the referenced bumupsA.l were too high by approximately the same differences indicated by the l&Ndcode-to-measured-results comparisons. Using the same factors from the Turkey Point PWR on data for the Calvert Cliffs PWR, the Cooper BWR and the JPDR BWR of 18 cases gave values within about 1% of the reported bumups. The discussion on the Turkey Point PWR referred to the ANSI/ASTM Standards E321-75 and E267, and that on the Calvert Cliffs PWR and Cooper BWR referred to the ANSJ/ASTM Standard E321-79 and E219.
One more question should be considered before using the above 148Nd-bumupconversion method (i.e., factors applied in Turkey Point PWR cases) for MOX spent fhel. Higher concentrations of Pu isotopes and lower concentrations of U isotopes are noted in the average MOX " fbel than in the average uranium-only fuel during irradiation. There are two factors that this can change: the average fission fraction of 148Nd production, and the average recoverable energy per .
fission. The percent fission fractions (based on thermal reactors) for 148Nd(or mass 148) listed in ENDF/B-V~b are 1.670 for 235U, 2.081 for 238U(fast), 1.635 for 'k, and 1.990 for 241Pu.An approximate average fission fraction for a given case may be calculated by weighting these four . fission fractions by the average isotopic density times the average microscopic fission cross section of the corresponding isotope (or, rather, the isotopic average macroscopic fission cross section). In two SAS2H trial cases, average macroscopic fission cross sections of the isotopes were estimated from atomic densities and cross sections listed in the case outputs. An estimate of the sum of the weighted fission fractions indicated a 1 to 2.5$Z0 increase in the average fission fraction ffom MOX fiel compared with that from typical uranium-only fuel. The ORIGEN-S code computes and writes -the total recoverable energy per fission for each time step. The values of the average energy per fission of MOX fueled reactors compared with uranium-only reactors indicate an increase of approximately 1 to 1.5%. The fission fraction is in the denominator, and the energy per fission is + in the numerator in converting the '48Nd/Uatom ratio to burnup. Thus, it is estimated that the burnup could be no greater than 1.5~o less for MOX fuel than that produced by the conversion method used for uranium-only fuel cases. The detailed procedure for converting the measured atom ratio of 148N&38Uto bumup by using the same conversion factors, C and F148, applied in deriving the Turkey Point data,A"5 is the following: Table 5 . It is seen that the old, or reported, burnupsA"lare significantly greater than the revised burnups. > The calculation of the burnup for each cycle of the samples irradiated in both cycles 2 and 3 are given in Table A .2. The use of the reportedA"llinear power for both cycles of the samples permitted the calculation of linear burnups, the fraction of total burnup per cycle, and the final .
burnup by cycle. These resulting burnups are listed in Table 5 , in addition to the computed cycle powers required in depletion code input. 
